Introduction
The high resolution of anatomic imaging techniques such as computed tomography (CT) and magnetic resonance (MR), used in patients with suspected abdominal diseases, frequently results in detection of unexpected adrenal masses; in such patients, the main clinical question consists of noninvasive differential diagnosis between benign and malignant adrenal lesions in order to select the appropriate treatment [1] . As initial diagnostic approach, clinical and laboratory assessment of cortical and medullary adrenal function allows the identification of hypersecreting adrenal lesions and, hence, the characterization of such tumours [2] . However, a tumour mass may not cause adrenal hyperfunction since it may be non-hypersecreting or secretes non-active products [1] [2] [3] . In such conditions, lesion typing remains uncertain. CT and MR accurately provide anatomic details of adrenal tumours and may suggest the nature of such lesions [4] [5] [6] in particular, lipid-rich adrenal adenomas may be suggested by CT on the basis of low attenuation coefficient on un-enhanced images and/or early as well as rapid washout on enhanced scans; similarly, MR is able to characterize lipid-rich adenomas using chemical-shift (CS) and/or dynamic-gadolinium sequences.
In this paper, we describe the role of nuclear imaging using different radiotracers in the diagnostic evaluation of patients with adrenal tumours to perform lesion characterization in comparison with MR images; in particular, we discuss the comparative results of nuclear and MR imaging studies in three different groups of patients with adrenal tumours: 1) patients with incidentalomas, 2) patients with adenomas and 3) patients with Pheo. Imaging studies consisted of MR scans performed using a 3.0 Tesla superconducting magnet scanner (Trio, Siemens Medical Systems, Hoffman Estates, IL); radionuclide techniques consisted of: a) cortical adrenal scintigraphy performed after iodine-131 nor-cholesterol (37 MBq) injection using a large field of view gamma camera (Orbiter, Siemens, Erlangen, Germany); b) medullary adrenal scintigraphy performed after iodine-131 MIBG (37 MBq) injection using a dual head rotating gamma camera (ECAM, Siemens Medical Systems, Hoffman Estates, IL); c) Positron Emission Tomography (PET) performed using a whole-body PET EXACT 47 scanner (Siemens, Erlangen, Germany) after FDG injection (370 Mbq). In Group 1, the criteria to select the radiotracer for adrenal scintigraphy was based on clinical history patient data; in particular, if patients were evaluated during the post-treatment follow-up for neoplastic diseases, FDG PET study was performed to distinguish benign from malignant adrenal lesions; conversely, if patients had no history of malignant tumours, nor-cholesterol and successively MIBG radiopharmaceuticals were employed to respectively identify adenomas and Pheo. In Group 2, cortical adrenal scintigraphy was performed using iodine-131 nor-cholesterol. In Group 3, medullary adrenal scintigraphy was performed using iodine-131 MIBG.
Tumour imaging characterization in patients with adrenal masses is an important topic since diagnostic evaluation currently consists not only of lesion detection, but also of tumour characterization in order to recognize lesion-type, to assess lesion function as well as to differentiate between benign and malignant tumours. Furthermore, imaging modalities are actually advanced as well as technically improved suggesting that qualitative and/or quantitative methods might be helpful for this purpose. In the present paper, we report the results obtained in three different groups of patients with adrenal tumours. On the basis of our findings, nuclear imaging modalities using specific target agents are able to better characterize, compared with MR, adrenal tumours; in particular, radionuclide techniques are able to identify the nature of adrenal incidentalomas and to differentiate between hypersecreting and non-hypersecreting adenomas as well as between benign and malignant Pheo.
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Discussion Group 1 The incidence of adrenal nodules incidentally detected has increased as a result of widespread use of imaging techniques such as CT and MRI for the evaluation of the abdomen [1] . In such patients, the main role of imaging is not just to identify the presence of the tumour but to help characterize its type in a non-invasive way; this diagnostic approach will help to ensure appropriate treatment since it is of particular importance to differentiate between benign and malignant lesions. CT and MR studies offer accurate anatomic details of any adrenal tumour and will give an initial analysis of lesion characterization [4] [5] [6] 24, 25] . In particular, adrenal adenomas may be suggested by CT on the basis of low attenuation coefficient on un-enhanced images and/or early as well as rapid washout on enhanced scans. Similarly, MR is able to characterize adenomas using dynamic-gadolinium or chemical-shift (CS) sequences; in this regard, Slapa, et al. [24] used a multifactorial MR analysis evaluating tumour size, T2 (liver) index, CSI ratio and contrast washout that showed high (100%) diagnostic accuracy to characterize adrenal non-adenomas; furthermore, we also reported similar (93%) diagnostic accuracy for the same purpose using both MR CS and post-contrast sequences [26] .
Pheo also shows specific MR features such as clearly increased signal intensity on T2-weighted images and significant enhancement after gadolinium administration. Since gadolinium-enhanced MR imaging shows a considerable overlap in the characteristics of benign and malignant masses, its clinical applicability is limited in distinguishing adenomatous from non-adenomatous adrenal lesions. Conversely, CS acquisition using the basis of fat content of a lesion can differentiate adenomas from malignant lesions. It is well known that adenomas contain a large amount of cytoplasmatic lipid in contrast to adrenal metastases which contain little or none. In the majority of adenomas, the MR pattern seen consists of a reduction of signal intensity on out-of-phase scan compared with in-phase images, whereas in malignant lesions signal intensity remains unchanged. However, some adenomas may contain insufficient lipid to result in loss of signal on out-of-phase scan as well as malignant primary and secondary adrenal tumours may have lipid component showing loss of signal intensity on CS imaging and therefore this may reduce the accuracy of this technique. Despite MRI effectiveness that was previously reported to correspond to a diagnostic accuracy of 93% to differentiate between benign and malignant adrenal masses [6] , the potential overlap in MR imaging appearances of different tumour type means that there remains a need for complementary functional imaging to characterize non-hypersecreting adrenal masses; for this purpose, radionuclide studies such as nor-cholesterol, MIBG and FDG demonstrated high diagnostic accuracy showing respectively the following values 92%, 96% and 100% to characterize adenomas, Pheos and malignant adrenal lesions, as previously reported [9] .
In particular, radionuclide modalities using specific tracers such as nor-cholesterol, MIBG and FDG may provide in vivo tissue characterization of adrenal tumours being able to differentiate between benign and malignant abnormalities [4, 7, 9, [12] [13] [14] [27] [28] [29] these agents have no relation to each other and are taken up by individual parts of adrenals on the basis of entirely separate mechanism and are able to differentiate different types of tumours; in particular, radiolabeled nor-cholesterol scintigraphy allows the characterization of functioning, but not hypersecretory, benign cortical adenomas [9] similarly, MIBG imaging has been demonstrated to be useful to identify non-hypersecreting Pheo While fluoro-18 FDG using PET scanning has been shown to be able to recognize malignant adrenal tumours on the basis of increased glucose metabolism [9] .
MR qualitative patterns to identify adrenal adenomas consisted of no lesion enhancement after gadolinium or, mainly, signal intensity loss on out-phase CS imaging; however, this latter criterion is more appropriate since no gadolinium enhancement may occur also in other benign adrenal tumours [6, 19] conversely, the comparative evaluation of T1-T2 signal intensity changes demonstrated inhomogeneous findings not allowing definite adenoma characterization since on T2 images 54% of these lesions were hypo-or iso-intense and the other 46% showed hyperintensity. For Pheo, T2 signal hyper-intensity and significant gadolinium enhancement were both specific occurring in all cases; likewise, in adrenal malignancies signal hyperintensity was found in all cases, while gadolinium enhancement occurred only in 63% of these tumours. These observations suggest that qualitative T2 signal hyperintensity is not accurate in differentiating adrenal masses. Since CS is not able to identify Pheo or adrenal malignancies, other methodological approaches may be needed. For this purpose, the results of MR quantitative analysis showed that the degree of T2 signal hyperintensity and of lesion enhancement after gadolinium were significantly higher in Pheo compared to those of adenomas and malignant tumours but these latter lesions were not distinguished according to these quantitative criteria [30] . Our findings confirm the data of previous investigations [4, 6] suggesting that, although the availability of several technical methods, MR imaging provides only some presumptive criteria for tissue characterization in patients with non-hypersecreting adrenal masses; in particular, signal intensity loss on out-phase CS sequence seems to be the best marker for adenomas and the quantitative assessment of T2 or T1-gadolinium signal intensity allows to better characterize Pheo, while no specific MR criteria for adrenal malignancies are available [30] .
Conversely, the results of radionuclide studies were more homogeneous compared to those of MR imaging in terms of adrenal tumour characterization, selectively showing nor-cholesterol uptake only in adenomas, increased MIBG activity only in Pheo and abnormal FDG accumulation only in, both primary and metastatic, adrenal malignancies [30] although a limited group of radionuclide scans were available in our experience, the three different radiotracers that we used were able to identify different types of adrenal masses; in fact, nor-cholesterol uptake occurred in 100% of adenomas, MIBG concentration was found in 100% of Pheo, FDG accumulation was observed in 100% of malignancies, with no collection of false negative or positive results. However, recently a meta-analysis evaluation of FDG PET imaging for adrenal mass characterization by Boland et al. reported a diagnostic sensitivity around 91% [31] this lower value could be explained considering the wide sample of this meta-analysis. Therefore, radionuclide imaging using specific radiocompounds offers specific non-invasive tissue characterization in patients with nonhypersecreting adrenal masses [12] [13] [14] 28, 29] . In this regard, the selection of the appropriate radioagent to be used depends on the clinical patient history, but it may be limited if appropriate radiopharmaceuticals and nuclear equipment are not available. Because benign adenomas are the most common cause of non-hypersecreting adrenal tumours, labeled nor-cholesterol should be the first choice for patients with no history of cancer disease after un-enhanced CT scan which clearly may detect lipid amount of such lesions. In case of a normal nor-cholesterol scan, MIBG should be used to confirm or rule out the presence of non-hypersecreting Pheo. If MIBG is also normal, FDG PET may be considered when the clinical suspicion of malignancy is high. Conversely, when neoplastic patients are evaluated, FDG PET should be initially performed followed, if normal, by nor-cholesterol and, in sequence, MIBG studies. However, the cost-effectivenes of this approach is not proven and it may not be feasible to perform all these studies in individual patients Nuclear studies are not routinely used in the diagnostic protocols for managing patients with non-hypersecreting adrenal masses as well as are infrequently considered for clinical decision making in such field [32, 33] . Although combinations of anatomic criteria by CT and MR are currently used to identify malignancy or benignancy without resorting to radionuclide imaging studies, a diagnostic role of nuclear imaging may be proposed in this setting which may effect patient management. In fact, a radionuclide diagnosis of non-hypersecreting adenoma by nor-cholesterol requests surgical treatment only if large tumour size occurs, otherwise clinical and imaging follow-up is appropriate; similarly, nuclear characterization of Pheo by MIBG allows to correctly plan surgery with adequate patient preparation, and, finally, early identification of adrenal malignancy by FDG PET may determine timely tumour resection with possible favourable patient prognosis. Thus, in patients with non-hypersecreting adrenal masses MR imaging may provide some presumptive criteria to characterize tumour lesions; no gadolinium enhancement and definite signal intensity loss on CSI suggest adenomas, while quantitatively measured T2-hyperintensity and/or gadolinium enhancement are able to identify Pheo. Conversely, radionuclide techniques offer more specific findings since nor-cholesterol and MIBG uptake occur only in benign lesions such adenoma and Pheo, respectively, and FDG accumulation detects only adrenal malignancies. Therefore, multi-agents adrenal scintigraphy is strongly recommended in the diagnostic protocol of patients with non-hypersecreting adrenal masses, particularly when MR findings are uncertain and inconclusive.
Group 2
The characterization of adrenal adenomas comparing imaging techniques has been investigated in a previous study [34] using quantitative evaluation of nor-cholesterol uptake, CT attenuation value and CS MR Signal intensity loss, but no comparative data between hypersecreting and non-hypersecreting lesions were reported. Our results comparing the diagnostic accuracy of nor-cholesterol adrenal scintigraphy and that of MR imaging showed that radionuclide scanning using nor-cholesterol and MRI are both able to accurately identify cortical adenomas; however, while semi-quantitative analysis of nor-chol uptake is effective to differentiate between hypersecreting and non-hypersecreting adenomas, MRI signal intensity ratios (SIRs) evaluation is not useful for this purpose [35] . To explain these findings some observations need to be considered; in this regard, the precursor molecule What is the meaning of the significantly lower nor-cholesterol uptake that we observed in patients with non-hypersecreting adenomas in our experience? As stated, non-hypersecreting adenomas synthesize and secrete hormones like normal adrenal cortical tissue, however these lesions demonstrated abnormal increased nor-cholesterol uptake, but lower compared to hypersecreting lesions; this finding could complement biochemical evaluation to identify abnormal adrenal function in a non-hypersecreting adenoma, but "functioning" in terms of increased nor-cholesterol uptake; this observation could suggest that in such patients the presence of nor-cholesterol uptake seems to be more sensitive than peripheral hormone levels as funtional index. In this regard, a scintigraphic diagnosis, using labeled nor-cholesterol, of subclinical adrenal disorders has been previously proposed in patients with subclinical Cushing's syndrome when adrenal disease was not yet demonstrable by biochemical methods [38] . Furthermore, semi-quantitative indices of nor-cholesterol uptake in adrenal adenomas have been proposed to be useful in the estimation of adrenal functional degree, especially when hormonal values are not diagnostic as well as during patient follow-up with the aim to identify those lesions that could lead to overt clinical syndromes as a result of hormonal hyperproduction [39, 40] . Of note, some adenomas have been shown to produce small amounts of adrenocortical hormones, though insufficient enough to cause clinical symptoms as well as a subclinical autonomous glucocorticoid hypersecretion (SAGH) condition has been identifyed in patients with adenoma, but without symptoms of Cushing syndrome [41, 42] in these latter patients, nor-cholesterol imaging with tracer uptake analysis could have a role to deeply investigate the endocrine status of such lesions. Hence, the lower nor-cholesterol uptake might reflect the normal hormone synthesis status of non-hypersecreting adenomas and, thus, regular secretion, but representative of adrenal dysfunction responsible of sub-clinical disorders. However, no follow-up data were available to assess the clinical evolution of adrenal function in our patients; additional follow-up clinical studies are needed to investigate and expand this issue.
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from which all adrenocortical steroid hormones are synthesized is cholesterol [36] this ubiquitous substance may be accumulated by adrenal cortex from the circulation via a receptor-mediated pathway for low-density lipoproteins, cholesterol carries that are synthesized in the liver; once incorporated by the adrenal cortex, cholesterol is stored in esterified form and acts as the substrate for enzymatic conversion to various adrenal steroid hormones. These physiological steps represent the biological basis for the use of labeled nor-cholesterol in adrenal cortical scintigraphy; in particular, this radiotracer has been used for clinical purpose to evaluate both hypersecreting and non-hypersecreting adrenal adenomas [37] . Our results confirm previous clinical observation since a high (100%) diagnostic accuracy of nor-cholesterol imaging occurred in our series; however, the new finding that we found was represented by the significant difference in nor-cholesterol uptake between hypersecreting and non-hypersecreting adenomas on the basis of the semi-quantitative analysis of scintigraphic images that showed a significantly higher nor-cholesterol uptake in hypersecreting lesions compared to those non-hypersecreting; this finding is reasonable since hypersecreting adenomas synthesize and thus secrete more hormones compared to normal adrenal tissue as well as to non-hypersecreting adenomas. However, the significantly higher nor-cholesterol concentration observed in hypersecreting adenomas could depend on larger tumour size of these lesions, but no significant difference in this parameter, measured on MR images, occurred in our series.
The overall data of the comparative analysis demonstrated a similar diagnostic sensitivity of nor-cholesterol nuclear imaging (100%) and MR scanning (95%) for the identification and characterization of adrenal cortical adenomas confirming previous studies [7, 29] in particular, MR imaging could be preferred to radionuclide imaging since it avoids radiation exposition as well as the only CS sequence could be used in the MR protocol avoiding gadolinium administration. However, when imaging characterization of hypersecreting and non-hypersecreting adenomas was investigated, no specific MR criteria for this purpose were found; in fact, no significant differences in MR SIRs were observed between hypersecreting and non-hypersecreting lesions; these results are likely due to the fact that MR SIRs reflect tissue structural characteristics of adrenal adenomas which are mainly based on intra-lesion fat content and this feature is not related to functional conditions. Pheo is a chromaffin tissue tumour localized in the adrenal medulla with the specific characteristic to secrete cathecolamines; the most frequent appearance is the sporadic form with unilateral benign involvement of a single gland, but the possibility of bilateral, extra-adrenal, or multiple localization as well as familiar or malignant forms occur in 10% of cases [43] . In particular, for the World Health Organization Pheo is malignant when metastases occur and the prevalence of malignant dedifferentiation depends on the underlying genetic mutation; the distinction between benign and malignant Pheo based on histological criteria is not easy; in fact, there are no certain histological features to define a lesion as malignant and the only sign of malignancy is the presence of tumour capsule infiltration and/or metastatic lesions in anatomic sites where chromaffin tissue is not otherwise found, such as lymph nodes, liver, lungs, and bone, as well as when vascular invasion is demonstrated.
Group 3
Tumour imaging characterization in terms of differentiation between benign and malignant lesions is a currently attractive issue in oncology; although benign lesions represent the majority of Pheo, malignancy, as stated may occur in 10% of patients as well as benign tumours may also rarely show malignant evolution [43] . There are no certain histological criteria to define a lesion as malignant and hence tumour-imaging characterization could be helpful to identify suspicious lesions suitable of unfavorable outcome; for this purpose, no specific CT and/or MR imaging features are available, but these techniques are able only to detect invasive regional tumour growth and/or the presence of distant metastases [4] . Several diagnostic methods, such as biological fluid tests, molecular markers, imaging techniques, and genome studies, have been proposed to differentiate between benign and malignant Pheo [44, 45] . Previous data suggested that radiolabeled somatostatin analogs might be used to characterize malignant Pheo [18, 46] . On the other hand, MIBG uptake has been demonstrated to reflect the concentration of neurosecretory storage granules in chromaffin tissue tumours [47] . Lesions that concentrate MIBG can be benign or malignant and the ability of MIBG scan for tumour detection depends on both tumour size and differentiation [7, 48] . Our results demonstrated that quantitative analysis of MIBG uptake may differentiate between benign and malignant Pheo, while MR imaging using signal intensity ratio measurement is not useful for this purpose; in fact, MIBG uptake, measured as tumour lesion OD IR, was significantly higher in malignant lesions compared to benign disease; this finding could depend on larger tumour size of malignant Pheo, but no significant difference in this parameter, measured on MR images, was found [49] .
MIBG, a physiological analog of nor-epinephrine and guanethidine, has been shown to undergo specific uptake and storage by adrenal medulla, sympathetic autonomic nervous system and tumours derived from these tissues [50] a significant fraction of MIBG uptake into these tissues is by means of the specific and high affinity sodium as well as energy dependent type I amine uptake mechanism [51] . In particular, storage catecholamine granules have been demonstrated within adrenal medullary tissue and Pheo tumour lesions [47] . Since MIBG uptake reflects the concentration of neurosecretory storage granules in chromaffin normal tissue and in the corresponding tumours, the higher MIBG uptake of lesions in patients with malignancies compared to those of patients with benign tumours, as we observed in our experience [49] , suggests a higher concentration of catecholamine in malignant Pheo; thus, this difference could reflect different functional conditions with malignant lesions being more prone to catecholamine secretion crises compared to benign tumours. This observation might explain the severe hypertensive attacks that frequently occur in patients with malignant Pheo and might also justify the use of radiolabeled MIBG for therapeutic purposes in such patients when conventional treatments are not effective [52, 53] . Previous comparative studies between MIBG and MR imaging demonstrated the complementary role of these techniques in the diagnostic evaluation of patients with Pheo or paraganglioma [19] [20] [21] however, in these studies no data regarding the characterization and differentiation between benign and malignant tumours have been reported. Recently, we demonstrated that in patients with Pheo MIBG uptake is able to differentiate between benign and malignant tumour lesions, while MR is not useful for this purpose [49] in particular, our results showed that there are no specific MR criteria, on both T1-and T2-weighted images, to differentiate between benign and malignant Pheo; in fact, no significant differences in MR signal intensity ratio were observed between tumour lesions of benign and malignant neoplasms; these results are likely due to the fact that MR signal intensity ratio reflects tumour tissue structural characteristics which are not related to metabolic and functional conditions; in this regard, when tumour dedifferentiation occurs in malignant lesions, MIBG fails to be concentrated and conversely tumour abnormalities become FDG avid [54] . Finally, a comparative study between CT, MR and C-11 MTO PET for the evaluation of adrenal incidentalomas has been reported showing that this radiocompound may be useful to characterize adrenal adenomas when CT and MR findings are uncertain [55] .
In conclusion, nuclear imaging modalities using specific target agents are able to better characterize, compared with MR, adrenal tumours; in particular, radionuclide techniques are able to identify the nature of adrenal incidentalomas and to differentiate between hypersecreting and non-hypersecreting adenomas as well as between benign and malignant Pheo. In particular, the selection of the appropriate agent for adrenal scintigraphy depends on clinical patient history and department availability of radiocompounds and equipment; since benign adenomas are the most common cause of non-hypersecreting adrenal tumours, labeled nor-cholesterol should be the first choice for patients with no history of cancer disease after un-enhanced CT scan which clearly may detect lipid amount of such lesions; in case of a normal nor-cholesterol scan, MIBG should be used as second choice to confirm or rule out the presence of non-hypersecreting Pheo; if MIBG is also normal, FDG PET may be considered when the clinical suspicion of malignancy is high. Conversely, when neoplastic patients are evaluated, FDG PET should be initially performed followed, if normal, by nor-cholesterol and, in sequence, MIBG studies.
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